Introduction 23
Ruminococcus albus is an important ruminal bacterium involved in the digestion of dietary 24 cellulose [1] . This bacterium has various cellulolytic enzymes including a cellulase (EC 3.2.1.4) [2] , 25 β-glucosidase (EC 3.2.1.21) [3] , and cellobiose phosphorylase (CBP, EC 2.4.1.20) [4] . It was shown 26 that within the cell, R. albus degrades cellooligosaccharides mainly through phosphorolysis 27 similar to the reaction catalyzed by C. thermocellum CDP [25] . To analyze the chemical structure of 23 the insoluble material, the synthetic reaction with a 5-fold increase of enzyme was carried out for 3 h. 24
The products collected by centrifugation (7 mg) were dissolved in 4% NaOD, and the 1 H-NMR was 25 recorded. The spectrum of this product completely corresponded with that of the hydrolysate of 26 cellulose [26] , indicating that the insoluble product is a mixture of cellooligosaccharides. Calculated 27 7 from the relative peak areas of the 1-H of glucose at the reducing end and other glucose residues, the 1 average degree of polymerization DP was estimated to be 8. From this length of 2 cellooligosaccharides, the yield was estimated to be 11% based on the cellobiose used. 3 4
Comparison of amino acid sequences between RaCDP and other GH94 enzymes 5
The structure of the binding site of inorganic phosphate has been analyzed for several GH family 6 94 enzymes [13] [14] [15] . Highly conserved amino acid residues corresponding to Arg351, His666, 7
Gln712, Thr731, Gly732, and Thr733 of Cellvibrio gilvus CBP are involved in the formation of this 8 site. RaCDP has Gln646 in the position equivalent to His666 of C. gilvus CBP, although the other 9 amino acid residues forming the inorganic phosphate binding site are well conserved (Fig. S1 ). 10
In ChBP from Vibrio proteolyticus, Val631 situated at the +1 subsite forms a small hydrophobic 11 pocket to accommodate the N-acetyl group of N-acetyl-D-glucosamine. Most GH family 94 enzymes 12 have a bulky residue, Tyr, at the corresponding position, thus Val631 of V. proteolyticus ChBP is 13 thought to be a crucial residue for binding to the N-acetyl-D-glucosamine residue at the +1 subsite 14 [13, 15] . In the case of CBP, the Tyr residue corresponding to Val631 of V. proteolyticus ChBP 15 participates in a hydrogen binding interaction with the 2-OH group of the glucose residue at the +1 16 subsite [13] . RaCDP has Phe633 at the corresponding position (Fig. S1 ), implying that RaCDP has 17 different acceptor specificity from other GH family 94 enzymes at the 2-OH position of a glycosyl 18 residue bound to the +1 subsite. In fact, the kcat (app)/Km (app) for β-1,4-mannobiose was 18% of that of 19 cellobiose, making this a relatively good acceptor substrate for RaCDP, although interactions with 20 the +2 subsite might contribute to the binding of β-1,4-mannobiose to the acceptor binding site. The 21 synthetic activity of other known CDPs towards β-1,4-mannobiose have not been investigated. For 22
CBPs, D-mannose is a poor acceptor substrate. The apparent kcat/Km values of CBPs for the synthetic 23 reaction of D-mannose are less than 1.2% of those for D-glucose [4, [22] [23] [24] 27] . Although the 24 OH-group of the Tyr side chain is conserved in most GH family 94 enzymes other than ChBP, it 25 might result in an unfavorable interaction with the axial OH-group at the C2-position of the glycosyl 26 residue at the +1 subsite. 27
Functional analysis of the inorganic phosphate binding site of RaCDP 1
Gln646 of RaCDP, corresponding to the conserved His involved in binding to inorganic phosphate 2 as described above, was replaced by His by site-directed mutagenesis. The mutant enzyme was 3 produced and purified as for the wild-type enzyme. The apparent kinetic parameters for inorganic 4 phosphate and Glc1P in the direction of phosphorolysis and synthesis, respectively, were determined. 5
The kcat (app) values of the mutant enzyme (Q646H) for inorganic phosphate and Glc1P were 9.5% 6 and 3.9% of those of the wild type, respectively, while the Km (app) values for inorganic phosphate and 7
Glc1P were less than half of those of the wild type ( was replaced by Tyr (F633Y). In the phosphorolysis of cellotriose, F633Y had 3.6-and 4.9-fold 19 lower kcat (app) and Km (app) values for cellotriose, respectively, than the wild type, resulting in a 20
1.4-fold higher kcat (app)/Km (app) ( Table 3 ). Apparent kinetic parameters for the acceptor substrates, 21 cellobiose and β-mannobiose, were measured in the presence of 250 mM Glc1P (Table 3 ). F633Y 22 had 1.1-and 2.2-fold higher Km (app) values for β-mannobiose and cellobiose than those of the wild 23 type. The kcat (app) values for β-mannobiose were more severely decreased than for cellobiose. The kcat 24 (app) values for cellobiose and β-mannobiose were 16.5-and 145-fold lower than those of wild type, 25 resulting in a lower ratio of kcat (app)/Km (app) values for β-mannobiose and cellobiose, indicating that 26 F633Y has less preference for β-mannobiose than the wild type. The side chain OH-group of the 27 9 introduced Tyr633 might cause steric hindrance or unfavorable interactions at the +1 subsite when 1 binding β-mannobiose as an acceptor. 2 Surprisingly, F633Y had significantly higher affinity to phosphate than the wild type. In the 3 phosphorolysis of cellotriose, F633Y had 75-fold lower Km (app) values for inorganic phosphate, 2.40 4 ± 0.11 mM, which is close to the values for known GH family 94 enzymes ( Table 2 ). The kcat (app) for 5 inorganic phosphate was 15-fold lower, but the kcat (app)/Km (app) value for inorganic phosphate was 6 4.9-fold higher, because of the very low Km (app) value. This mutant enzyme also had much higher 7 affinity to Glc1P in the synthetic reaction than the wild type. The Km (app) value for Glc1P was 8 1,100-fold lower than for the wild type. The kcat (app)/Km (app) value for Glc1P was 52-fold higher than 9 the wild type, although the kcat (app) for Glc1P was 20.5-fold lower than the wild type. Phe633 of 10
RaCDP is predicted to be far from the phosphate binding site based on the three-dimensional 11 structures of related enzymes, and this residue does not appear to have a direct interaction with 12 inorganic phosphate and the phosphate group of Glc1P. In the complex of C. gilvus CBP, inorganic 13 phosphate, D-glucose (+1 subsite), and glycerol (-1 subsite), the OH-group of the side chain of 14 Tyr653 appears to participate in a hydrogen bonding interaction with Lys658 forming a hydrogen 15 bond to Gln712, and thus is involved in the formation of the phosphate binding site. The orientation 16 of Gln712, arranged through the interaction with Lys658, might be crucial for the observed high 17 affinity to phosphate. In RaCDP, Lys638 and Gln692 are predicted to be located at positions 18 equivalent to Lys658 and Gln712 of C. gilvus CBP, respectively. The side chain of Phe633 cannot 19 form a hydrogen bond to Lys638, thus the orientation of Gln692 of RaCDP is thought to be 20 unfavorable for binding to the phosphate group. Amino acid residues corresponding to Lys658 and 21 Gln712 of C. gilvus CBP are conserved in most GH family 94 enzymes (Fig. S1 ), and the hydrogen 22 bonding network, as discussed herein, likely plays an important role in the high affinity to the 23 phosphate group. CDP from C. thermocellum has Arg and Ser at the positions equivalent to Lys658 24 and Gln712 of C. gilvus CBP, respectively, but in the synthetic direction, this enzyme has a Km (app) 25 value for Glc1P of 4.7 mM [6] , which is similar in magnitude to the values of most GH family 94 26 enzymes. Two characterized laminaribiose phosphorylases have a Phe residue at the position 27 corresponding to Tyr653 of C. gilvus CBP, but these enzymes have low Km values for inorganic 1 phosphate (0.14-0.4 mM) for the phosphorolysis of laminaribiose unlike RaCDP [28, 29] . These 2 enzymes show very low sequence identity to other GH family 94 enzymes including RaCDP, and 3 they do not have an equivalent amino acid residue corresponding to Gln712 of C. gilvus CBP (Fig.  4   S1 ). These structural differences suggest that different strategies for optimization of binding to the 5 phosphate group might exist in these enzymes. 
Materials and Methods 1

Preparation of expression plasmids for wild type and mutant RaCDPs 2
The RaCDP gene was amplified by PCR, in which the genomic DNA of R. albus NE1 as the 3 template, a set of primers, 5′-CTTGTAAAAAATGCGGATATATG-3′ and 4 5′-GGACTGCATATGACCGAATAG-3′, designed based on the Rumal_2403 gene, and Primestar 5 HS DNA polymerase (Takara Bio, Otsu, Japan) were used. The amplified DNA fragment was cloned 6 into the pBluescript II SK (+) vector (Stratagene, La Jolla, CA) via the EcoRV site. The DNA 7 sequence of the amplified region was analyzed with an ABI Prism 310 Genetic Analyzer DNA 8 sequencer (Applied Biosystems, Foster City, CA). This plasmid was used as the template for PCR to 9 construct an expression plasmid of RaCDP. The DNA fragment, amplified with primers, 10 5′-GAGCATATGACTATGCAGTATGGATATTT-3′ and 11 5′-GAACTCGAGGCCCATAACTACGGTGAT-3′, harboring the NdeI and XhoI sites, was cloned 12 into the NdeI and XhoI sites of the pET-23a vector (Novagen, Darmstadt, Germany). 13
The expression plasmids for Q646H and F633Y were prepared with a Primestar Mutagenesis 14 Basal Kit (Takara Bio). The expression plasmid for the wild type was used as the template, and the 15 sequences of primers were as follows: for Q646H, 
Effects of pH and temperature 26
The optimum pH and temperature were investigated by measuring phosphorolytic activities at 27 13 various pH values and temperatures, respectively. For the analysis of optimum pH, a reaction 1 mixture consisting of an appropriate concentration of the enzyme, 100 mM reaction buffer, 20 mM 2 sodium phosphate buffer (pH 6.0), and 20 mM cellotriose was incubated at 37°C for 10 min, and 3 liberated Glc1P was measured as described above. The reaction buffer was as follows: sodium 4 acetate buffer for pHs 2.5-5.5, MES-NaOH buffer for pHs 5.2-6.7, and Tris-HCl buffer for pHs 5 6.5-9.5. 6
Stable ranges of pH and temperature were determined based on the residual activity after pH and 7 heat treatments, respectively. For the pH treatment, the enzyme was incubated in 100 mM 8
Briton-Robinson buffer (pH 2.0-12.0) at 4°C for 24 h. For the heat treatment, the enzyme was 9 incubated in 62.5 mM sodium phosphate buffer (pH 6.0) for 15 min and then immediately cooled 10 down on ice. The enzyme was considered to be stable in the ranges of pH and temperature over 11 which the enzyme maintained more than 90% of its original activity. Product inhibition analysis was carried out to determine the order of substrate binding and product 21 release. The enzyme concentration was fixed at 100 nM. First, the phosphorolytic velocities towards 22 4-20 mM cellotriose and 50 mM sodium phosphate buffer (pH 6.0) in the presence of 0-20 mM Glc1P 23 or cellobiose were measured. Then, the reaction rates towards 20 mM cellotriose and 20-100 mM 24 sodium phosphate buffer (pH 6.0) in the presence of Glc1P or cellobiose were measured as 25 described above. For the inhibition analysis by Glc1P, the cellobiose produced was degraded by CBP, 26 and the resulting D-glucose was measured by the glucose oxidase-peroxidase method [36] . After 27 14 stopping the reaction by heating the reaction mixture at 80°C for 10 min, 20 μL of the reaction 1 mixture was mixed with 100 μL of 60 mM sodium phosphate buffer (pH 6.0), 30 μL of 5.7 U/mL R. 2 albus NE1 CBP [4] , and 20 μL of Glucose CII-Test Wako (Wako Pure Chemical Industries, Osaka, 3 Japan), and incubated at 37°C for 30 min. The absorbance at 505 nm was measured, and the 4 cellobiose concentration was calculated based on the standard curve obtained with 0-0.5 mM 5 cellobiose. 6 7
Phosphorolysis of cellooligosaccharides 8
The reaction rates for phosphorolysis of various concentrations of cellooligosaccharides and fixed 9 concentration of inorganic phosphate were measured. Twenty μL of a reaction mixture consisting of 10 enzyme, 250 mM sodium phosphate buffer (pH 6.0), and 1-20 mM of each cellooligosaccharide 11 (cellobiose was purchased from Sigma, St. Louis, MO, and the other oligosaccharides were from 12 Seikagaku) was incubated at 37°C for 10 min, and the liberated Glc1P was measured as described 13 above. Concentrations of the wild type and F633Y were 20 nM and 610 nM, respectively. Apparent 14 kinetic parameters, kcat (app) and Km (app), were calculated from the reaction rates obtained by fitting to 15 the Michaelis-Menten equation. 16
17
Acceptor specificity in the synthetic reaction 18
The reaction velocities for the synthesis of various concentrations of oligosaccharides were 19 measured in the presence of 250 mM Glc1P. Twenty μL of a reaction mixture consisting of the 20 enzyme (wild type, 210 nM; F633Y, 490 nM for cellobiose and 3.1 µM for β-1,4-mannobiose), 250 21 mM Glc1P, 50 mM MES-NaOH buffer (pH 6.0), and 1-100 mM of each oligosaccharide (acceptor 22 substrate) was incubated at 37°C for 10 min, and the liberated inorganic phosphate was measured by 23 the method of Lowry and Lopez [37] . The apparent kinetic parameters were calculated as described 24 above. A series of cellooligosaccharides, sophorose (Sigma), laminaribiose (Megazyme, Wicklow, 25 Ireland), xylobiose (Wako Pure Chemical Industries), β-1,4-mannobiose (Megazyme), and 26
cellobiitol (Sigma) were tested as acceptor substrates. 27
Apparent kinetic parameters of inorganic phosphate and Glc1P 1
The reaction rates for the phosphorolysis of cellotriose were measured at various concentrations of 2 inorganic phosphate as described above to determine the apparent kinetic parameters for inorganic 3 phosphate. Twenty μL of a reaction mixture consisted of enzyme, inorganic phosphate, 5 mM 4 cellotriose, and 50 mM MES-NaOH buffer (pH 6.0). The concentrations of the wild type, Q646H, 5 and F633Y were 63 nM, 7.7 µM, and 0.61 µM, respectively. The concentrations of inorganic 6 phosphate were 25-250 mM for the wild type, 25-300 mM for Q646H, and 0.63-20 mM for F633Y. 7
To determine the apparent kinetic parameters for Glc1P, the reaction rates for the synthesis of 8 cellotriose were measured as described above at a fixed concentration of cellobiose and various 9 concentrations of Glc1P. Twenty μL of a reaction mixture consisted of enzyme, Glc1P, 40 mM 10 cellobiose, and 50 mM MES-NaOH buffer (pH 6.0). Concentrations of the wild type, Q646H, and 11 F633Y were 63 nM, 2.5 µM, and 0.61 µM, respectively. Concentrations of Glc1P were 40-400 mM for 12 the wild type, 20-300 mM for Q646H, and 0.25-2.5 mM for F633Y. 13
14
Production of cellooligosaccharides by the synthetic reaction 15
The synthetic reaction toward cellobiose and Glc1P was monitored. One hundred μL of a reaction 16 mixture consisting of 69 nM RaCDP, 50 mM cellobiose, 250 mM Glc1P, and 100 mM MES-NaOH 17 buffer (pH 6.0) was incubated at 37°C for 0-60 min. The enzyme reaction was stopped by heating 18 the reaction mixture at 80°C for 10 min. Cellooligosaccharides produced were measured by HPLC 19 under the following conditions: injection volume, 10 μL; column, Asahipak NH2P-50 4E (4.6 x 250 20 mm; Shodex, Tokyo, Japan); column temperature, 40°C; elution, descending linear gradient of 21 60-50% acetonitrile over 10 min; flow rate, 0.8 ml/min; detection, pulsed amperometry. 22
The insoluble product was prepared to analyze the structure. One mL of a reaction mixture 23 consisting of 343 nM RaCDP and the other components the same as described above was incubated 24 at 37°C for 3 h. After heating the mixture at 80°C for 10 min, the insoluble material was collected by 25 centrifugation. The insoluble product dried in vacuo was dissolved in 1 mL of 4% NaOD-D2O, and 26 the 1 H-NMR was recorded using a Bruker AMX-500 (Bruker Daltonics, Billerica, MA). 27 
